In the following we give an outline o f 14N nuclear quadrupole, internal axis method (IAM) methyl internal rotation, and fourth order centrifugal distortion -only needed for extrapolating transition frequencies to higher J values -analyses performed for 2-, 4-, and 5-methyl oxazole.
Introduction
After a comprehensive study o f the five-membered heterocyclic ring molecule oxazole com pris ing a determ ination of the complete /-s-structure [1] and the principal quadrupole coupling tensor [2 ] had been completed at Bangor, the spectroscopic investigations were extended to its three isomeric monomethyl derivatives [3] . This was done with the objective to examine the influence o f methyl sub stitution on the principal I4N quadrupole coupling tensor, and secondly to study the variation of the potential hindering methyl internal rotation at the different heterocyclic ring positions. This work follows the essentially sim ilar treatm ent o f the case of isoxazole and its m onomethyl derivatives [4] .
The rotational spectra were assigned at Bangor using a conventional 100 kHz Stark-effect m odulat ed spectrometer and starting with rotational con stants from an assumed structure which consisted of the oxazole /^-structure [1] and a plausible methyl configuration. The fact that most lines are split by a few up to some tens of MHz due to internal rotation, and a closer look at the Stark lobes facilitated the assignment.
Later, it seemed worthwhile rem easuring the spectra with a microwave Fourier transform (MWFT) spectrometer at Kiel in order to get the l4N quadrupole hyperfine structure ( 14N -hfs) re solved and to obtain more accurate torsional A-E splittings. Many investigations up to now have proved M W FT spectroscopy to be a powerful sensi tive tool for a precise m easurem ent of line frequen cies and for the resolution of narrow splittings. The fine and hyperfine structure analyses reported in this paper are therefore based on these m easure ments.
Experimental
The samples of 2-and 5-methyl oxazole were kindly provided by Dr. R. Hull and Prof. Dr. U. Schöllkopf, Göttingen, respectively. The 4-methyl oxazole was prepared according to C om forth and Cornforth [5] . A further sample of 5-methyl oxazole was synthesized using a method of preparation proposed by Prof. Dr. U. Schöllkopf, Göttingen, proceeding from methyl isocyanide [3, 6 ] .
In Bangor the microwave spectra of the three isomeric methyl oxazoles have been m easured with conventional 100 kHz Stark-effect m odulation at sample gas pressures down to 5 m Torr and tem pera tures near 20 °C in the frequency range of 1 5 -4 0 GHz. In Kiel we did the m easurements with M W FT spectrometers in J- [7] , X- [8] , and Ku- [9] band, i.e. 0340 -4811 / 8 6 / 0400-0623 $ 01.30/0. -Please order a reprint rather than making your own copy. from about 5 GHz to 18 GHz, at pressures below 1 mTorr and a tem perature of about -7 0 °C.
In the case of 5-methyl oxazole Ha~ as well as //^-transitions were recorded at Kiel, whereas for 2-and 4-methyl oxazole we looked only for rotational transitions due to the stronger dipole moment com ponent, i.e., Hb-lines (see Table 1 ). The first set of Table 1 Single standard errors in brackets. Table 2 . M easured transitions of 2-, 4-and 5-methyl oxazole. T: Symmetry species, vexp: experimental frequency, /lvhfsA: measured A-species l4N-hfs shift related to the most intense component, zfvAE, zlvAE#: experimental torsional splitting A -E and A -E # with E # : forbidden E-species line (standard deviation from averaging the hfs components in kHz in brackets), v0A: centre frequency for the rotational A-species line (see text), < 5C aic-exP: difference between calculated and experimental frequency or splitting, *: transition not used for l4N -quadrupole hfs analysis, **: not used for methyl internal rotation analysis, nm: not measured; frequencies, splittings and deviations in MHz. The rotational level with the higher energy value is J' KL K'+. 
<4v ae#^c a lc -exp VOA Table 2 against the square of the applied field were obtained for nearly all the relevant M-states, with Av up to some 10 MHz. The dipole moment com ponents obtained by the usual methods of analysis are shown in Table 1 .
These components conform with the observations, above, of the predominant types of line in each spectrum. The total moments of 2-methyl and 4-methyl oxazoles are somewhat smaller than that of oxazole [2] (1.50 D), while the moment of 5-methyl oxazole is noticeably greater than that figure. This least finding resembles observations made for 3-methyl furan [10] and 3-methyl thiophen [11] , the moments for which exceed those of furan and thiophen, respectively, by some 0.4 D. Since the tf-axes in all the methyl oxazoles must lie close to the lines of the methyl C-ring bond (see discussion below and Figs. 2 and 3) , the results in Table 1 define, for each molecule, two possible lines of action of the total moment in the a/b axis frame. The most probable lines of action do not differ greatly, with respect to the ring atoms, from the line of the mom ent in oxazole itself [2] (see Fig  ure 2 ).
E. Fliege et al. • l4N N uclear Q uadrupole Coupling and Methyl Internal Rotation
The experimental line frequencies were evaluated by a nuclear quadrupole hyperfine structure, a centrifugal distortion, and an internal rotation analysis separately, presupposing that the three perturbations of the rigid rotor hamiltonian can be treated independently, an assumption which later proved to be justified by the standard deviation of the respective fit. The centrifugal distortion analysis was performed only for the torsional A species lines because of their pseudo-rigid rotor behaviour, the prime object being an extrapolation of the micro wave spectra from lower to higher J quantum numbers and only in the second place the deter mination of centrifugal distortion parameters. As, in accordance with our assumption above, the A and E species 14N-hfs patterns do not differ significantly, the l4N-hfs analysis was also done for the A lines only. The E species components could thus easily be identified by superim posing their l4N-hfs patterns and those of the corresponding A lines. By a centrifugal distortion analysis o f all line centre fre quencies and the consistency of ,4N-hfs and methyl internal rotation analyses with increasing J value, the assignment of the rotational spectra could be con firmed.
For the nuclear quadrupole hfs analysis the possible set of lines was limited to completely split low J A-type transitions measured with MW FT technique. The quadrupole coupling constants / + = Xbb + Xcc and X-= Xbb~Xcc were fitted to 14N-hfs splittings relative to the most intense component ^vhfsA with a first order perturbation treatm ent1 which appeared to be adequate. To get information about the off-diagonal quadrupole coupling tensor element xab, one has to take into consideration the structures of isotopic species with a rotated inertial axes system relative to the parent molecule beside their respective quadrupole coupling constants.
With the quadrupole coupling constants x+ and X-as results from the ,4N-hfs analysis we then calculated the frequency shifts from the rigid rotor position, corrected the single experimental hfs com ponents of one rotational line by these shifts, and finally as arithmetic mean values we got hypothet ical A species line centre frequencies v0A as input data for the centrifugal distortion analysis. A fourth 1 Programs HT1NQ, QUAD, and DH14KS. Analysis order centrifugal distortion analysis according to Watson's S-reduction [12, 13] with the hamiltonian operator already cited as equation (1) in [4] was carried out for all transitions measured in Bangor and Kiel2.
14N-hfs and centrifugal distortion analyses were performed in an iterative manner, until x+ and x~ on the one hand and the rotational and centrifugal distortion constants on the other hand had con verged to their final values, The results of both analyses are contained in Tables 3 a -c .
As A-E splittings A vae for an IAM internal rotation analysis we took the arithmetic mean of the methyl torsional splittings of the single hfs com ponents for every rotational line measured with the MWFT spectrometer in Kiel. We used the program written by Woods [14, 15] , modified by H. Lutz, E. Fliege, and G. Bestmann3. With the additional measurements mentioned above and only needed for this purpose, we succeeded in fitting all three internal rotation parameters, namely h 'i ( s ) , first Fourier coefficient in the expansion of the eigen values of the Mathieu differential equation for the torsional ground state r = 0 , / a, moment of inertia of the methyl group, and < (a, i), angle between the principal inertia axis a and the internal rotation axis i of the methyl group, to the experimental data of all three methyl oxazoles. This angle < (a, /), which we need for a comparison of electric field gradient tensors at l4N in the related molecules (see Section "Discussion"), could in the case of 2-and 4-methyl oxazole only be obtained after including the additional measurements. The results of the IAM torsional analysis are summarized in Tables 4 a -c together with some derived data.
Discussion
To study the influence of methyl substitution on the electric field gradient tensor at nitrogen-14N, we tried to optimize the structure of the respective methyl derivative, took over the principal 14N quadrupole coupling tensor from oxazole [2 ] , and calculated the projections Xaa and Xbb of the principal tensor elements Xxx and Xzz (oxazole) on the principal intertia axes a and b of the respective methyl compound. For an optimization of structural parameters we accepted the restructure of oxazole [1] without alteration for the methyl isomers, assumed a plau sible methyl group structure (an ideal tetrahedral configuration with the angle (HCH) = 109.47° and a C -H distance of 1.088 A), and with an /'o-structure calculation fitted the distance between oxazole ring carbon and methyl carbon atom to the three rotational constants of each methyl derivative. We carried out a series of such fits gradually vary ing the angle between oxazole ring and methyl group, until we arrived at the angle < (a, /) we had obtained by IAM torsional analysis (see above). Since we merely get the cosine of £ (a, i) out of this internal rotation fit, i.e., an absolute figure without sign, we could arrive at a positive or a negative angle (a, /) with our r0-structure fits. O f these two possible cases we decided to take that with the smallest methyl-ring angle deviation from oxazole. After this choice the methyl-ring C -C distances turned out to be 1.519 A, 1.527 A, and 1.514 A for 2-, 4-, and 5-methyl oxazole respectively. If one now puts the principal coupling tensor, as it is known from oxazole [2 ] , into this final structure, one gets angles <£ (z, a) between the principal tensor zand the principal inertial a-axis. These angles are graphically displayed in Fig. 2 for the three methyloxazoles.
The projections Xaa and Xbb were then calculated according to
(1 a)
and are shown in Fig. 3 as sine curves dependent on <£(z, a) in the range -9 0° ^ < (z, a) ^ 90°. The three methyl derivatives and their parent mole- molecule, oxazole, are drawn in as vertical bars with their (z , a)-and experimentally determined xaa~ and /^-v alu es, which for oxazole coincide with the points of intersection with the sine curves.
With the exception perhaps of 4-methyl oxazole, it can be stated that from structure and oxazole parent expected and experimentally obtained Xgg (g = a, 6 )-values are in good agreement. The quadrupole coupling tensor is proportional by the nuclear quadrupole m om ent eQ as a factor to the tensor of the second derivatives of the electric potential thus providing inform ation about the elec tronic environment at the quadrupole nucleus. When measuring the first l4N-hfs patterns with MWFT spectroscopy, we had already made use of this result roughly calculating provisional coupling constants to confirm the assignment of these first lines. Deviations of experiment and expectation (sine curves) are to some extent due to uncertainties in structure calculations. To sum up, the graphic com parison in Fig. 4 shows that methyl substitution exerts little influence on the principal 14N quadru pole coupling tensor.
When looking at the centrifugal distortion results, one realizes that with the exception of DK the centrifugal distortion constants are of the same order of magnitude for the three methyl oxazoles. This may be explained by the fact that the atoms constituting the heterocyclic ring all stem from the first row of the periodic classification and that, because of this rather homogeneous distribution of masses and the relatively wide spacing of ring and methyl group, the orientation of the inertial a-axis is determined by and nearly collinear with the methyl alignment.
Viewing the torsional analysis data, two observa tions have to be put on record. W ithin standard errors, the moment of inertia of the methyl group, / a, turns out to be the same in all three cases. Secondly, the barrier hindering methyl internal rotation is significantly lower for 2 -methyl oxazole compared to 4-and 5-methyl oxazole. An explana tion of this rather low barrier could be that in 4-and 5-methyl oxazole we find an H-atom with approximately double van der Waals-distance to the methyl H-atoms at the neighbouring ring position, whereas in 2 -methyl oxazole both neighbouring positions are occupied by the two heteroatoms. An attracting interaction between methyl H-atoms and lone electron pairs at N and O seems to be rather unfavourable because of the resulting tensed fourmembered ring so that the observed difference in hindering potentials may be due to steric interaction of ring and methyl H-atoms.
